Abstract. Wee1-like protein kinase (WEE1) physiologically serves a key function in maintaining the integrity of the cell genome through mediating the activation of cyclin-dependent kinase (CDK)1 and CDK2. Increased expression of WEE1 has been associated with the poor prognosis of patients with ovarian cancer. The present study aimed at examining the in vitro and in vivo antitumor activity of MK1775, a potent pharmacological inhibitor of WEE1, as a single agent against ovarian cancer cells. The cytotoxicity of MK1775 was examined in a panel of tumor cells using MTT in vitro. Subsequently, a cell apoptosis assay was performed in ovarian cancer SKOV3 and ID8 cells to characterize the function of MK1775 in tumor cell apoptosis, under either wild-type tumor protein 53 (p53) or null p53 status. In addition, cell cycle analysis and a western blot analysis were performed to validate the effect of MK1775 on cell cycle progression and to elucidate the underlying molecular mechanism of cell death. Finally, the in vivo antitumor efficacy of MK1775 as a single agent at a clinical well-tolerated dose was determined. A dose-dependent inhibitory effect of MK1775 on tumor cell viability was determined in distinct cell lines, including B16F10, LLC1, BPS1, EG7, ID8 and SKOV3. Results from the cell cycle analysis and western blotting indicated that MK1775 abrogated the G 2 /M checkpoint through inhibiting the phosphorylation of CDK1 and inducing the apoptosis of ovarian cancer cells that lacked mutations in p53 and breast cancer 1 (BRCA1). Additionally, a significant antitumor effect of MK1775 was observed in C57BL/6 mice bearing syngeneic ID8 ovarian tumors. The results of the present study supported the use of MK1775 as a monotherapy agent in ovarian cancer. MK1775 was effective at inducing mitotic catastrophe, independent of p53 and BRCA1 mutations. Therefore, WEE1 inhibition by MK1775 requires additional investigation to identify novel combination approaches in ovarian cancer therapy with the current DNA damaging agents, including irradiation treatment and cell cycle checkpoint inhibitors.
Introduction
Ovarian cancer is the most common cause of cancer-associated mortalities in females diagnosed with gynecological malignancies, accounting for ~22,000 new cancer cases (3.7% of all cancer cases in females) and ~140,000 mortalities (4.2% of all female mortalities) annually (1, 2) . In spite of advancements occurring in cytoreductive surgery and chemotherapeutic techniques, the 5-year survival rate for ovarian cancer remains virtually unchanged due to the high metastatic and drug-resistant properties of the cancer. Thus, effective therapy is required.
Wee1-like protein kinase (WEE1), an important regulator for the cell cycle checkpoints, contributes to the upstream regulation of the cyclin-dependent kinase (CDK) complexes by mediating the activation of CDK1 (also known as CDC2) and CDK2 (3) (4) (5) . CDK1/2 are well-known mediators of cell division, ensuring that the cell is healthy to undergo mitosis and subsequently driving the cell cycle through G 2 /M and S phases (6, 7) . Previous studies have identified the expression levels of WEE1 in a variety of human tumor tissues (8) (9) (10) (11) (12) ovarian cancer with post-chemotherapy effusions (13) , suggesting that WEE1 may be a novel therapeutic target for ovarian cancer. The direct effect of WEE1 inhibition on ovarian cancer cell viability requires study. MK1775, the first selective molecular inhibitor of WEE1, has been identified as an agent that primarily targets the G 2 /M checkpoint and exhibits a toxic effect (14) . Subsequent studies were initiated to determine the synergistic antitumor role of MK1775 in combination therapies with conventional DNA damaging agents for ovarian, breast, prostate, pancreatic and colon cancer (15) (16) (17) (18) ). An antitumor effect was observed to be dependent on the cytotoxicity exhibited by other combined DNA-damaging agents or a tumor protein 53 (p53)-defect in tumor cells (14, 16, 17, 19) . The single-agent effect of MK1775 on tumor viability in vivo was initially identified in NSCLC (20) , medulloblastoma (21) and sarcoma (22) . In addition, previous studies have indicated that the cytotoxic effect of MK1775 was independent of p53 status (10, 22) . However, in ovarian cancer, no significant antitumor effect was observed when nude mice bearing OVCAR-5 were treated with MK-1775 alone (23) . The present study analyzed the cytotoxic effect of MK1775 as a single chemotherapy agent on ID8 and SKOV3 ovarian cancer cell lines in vitro. Furthermore, the antitumor activity of MK1775 in vivo was determined in ID8-bearing immunocompetent mice.
Materials and methods
Animals and reagents. C57BL/6 WT mice were purchased from Jackson Laboratory (Ben Harbour, ME, USA), while Dr Hans Schreiber (University of Chicago, Chicago, IL, USA) provided EG7 and B16F10 cell lines. LLC1, SKOV3 and OVCAR3 cell lines were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). Mouse ID8 and ID8-OVA cells were obtained as previously described (24) . The BPS-1 mouse melanoma cell was generated by this study group (25) , transgene for the Braf allele and the floxed Pten allele) transgenic mice (26, 27) . The animal studies were performed under the approval of the Institutional Animal Use Committees of the Northwestern University (Chicago, IL, USA). B16F10, ID8, ID8-OVA and BPS1 cells were maintained in RPMI 1640 medium (SigmaAldrich; Merck KGaA, Darmstadt, Germany), supplemented with 1% penicillin-streptomycin, 1% glutamine and 5% fetal bovine serum (FBS). SKOV3 and LLC1 cells were cultured in complete medium composed of Dulbecco's modified Eagle's medium (Sigma-Aldrich; Merck KGaA) supplemented with 10% FBS. All the antibodies for flow cytometry were obtained from BioLegend, Inc. (San Diego, CA, USA) or eBiosience (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The annexin V apoptosis detection kit was purchased from Biolegend, Inc., and MTT kits were purchased from Roche Diagnostics (Basel, Switzerland).
In vitro cytotoxicity assays. An MTT assay was performed to determine the in vitro cytotoxicity of MK1775 in distinct mouse tumor cell lines, including B16F10, LLC1, BPS1, ID8 and EG7, and the human ovarian cancer SKOV3 cell line. Cell density was optimized to ensure that the cell viability for the duration of the treatment was within the linear range. According to the manufacturer's protocol, a variety of tumor cells in the logarithmic growth phase were plated (1,000 cells/well) in 96-well flat bottom plates and allowed to adhere prior to treatment. Subsequently, cells were treated in triplicates with vehicle dimethyl sulfoxide (DMSO) only, and a variety of concentrations of MK1775 dissolved in DMSO. On the basis of previous studies (14, 28) , the following concentrations of MK1775 were used: 0.01, 0.1, 1.0 and 10 µM, and negative control cells were treated with DMSO. At 72 h post-drug treatment, MTT was added to a final concentration of 1 mM and the cells were incubated at 37˚C in an atmosphere containing 5% CO 2 . A total of 200 µl solubilization solution was subsequently added to each well and plates were allowed to stand overnight at 37˚C. The absorbance was determined at 560 nm using a microplate reader. The half-maximal inhibitory concentration (IC 50 ) of MK1775 for ID8 and SKOV3 cells was calculated.
Flow cytometry analysis of apoptosis. ID8 and SKOV3 cells were plated in a 75-cm 2 dish (1.5x10 4 cells/ml) and allowed to adhere overnight at 37˚C prior to treatment. Following treatment with the specified concentrations of MK1775, the cell apoptosis assay was conducted using cell staining with annexin V (2.5 µg/ml) and 7-aminoactinomycin D (7-AAD) (1 µg/ml) for 15 min at room temperature (25˚C) in the dark, according to the manufacturer's protocol. The apoptosis assay was performed 24 or 48 h after drug treatment using MACS Quant Analyzer (Miltenyi Biotec, Cologne, Germany). The data were analyzed using Flow Jo software version 10.0.7r2 (Tree Star, Inc., Ashland, OR, USA). Cells that stained negative for annexin V-allophycocyanin and 7-AAD were classified as not undergoing determinable apoptosis, double-positive cells were classified as late-state apoptosis, single-positive cells for annexin-V were classified as early apoptosis and singlepositive cells for 7-AAD were classified as dead or necrotic cells.
Analysis of the cell cycle. The treatment conditions were the same as in the apoptosis assay. The treated tumor cells (1x10 6 cells) were detached and fixed in ice-cold 75% ethanol for 4 h on ice. Cells were subsequently washed with PBS and stained with 5 µg/ml propidium iodide (PI; cat number: 421301, Biolegend, Inc.) and 50 µg/ml RNase for 30 min at 4˚C. The cell cycle of ID8 cells was determined using PI staining, whereas that of SKOV3 cells was determined by DAPI (cat number: 422801, Biolegend, Inc.) staining (1 µg/ml at 4˚C for 30 min). The flow cytometry analysis was performed using MACS Quant Analyzer (Miltenyi Biotec) and the proportions of cells in G 1 , S, and G 2 /M phases were analyzed using Flow Jo Cell Cycle software version 10.0.7r2 (Tree Star, Inc., Ashland, OR, USA).
Western blot analysis. ID8 cells were treated with DMSO, 0.5 µM MK1775 or 1 µM MK1775 for 48 h, followed by a wash with PBS. Cells were subsequently lysed using radioimmunoprecipitation assay buffer, including phenylmethylsulfonyl fluoride and a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA). Protein concentration was determined using BCA protein assay kit according to manufacturer's protocol (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The proteins were separated on SDS-PAGE (12% gel) and subsequently transferred onto polyvinylidene fluoride membranes. Membranes were blocked in 5% skimmed milk for 2 h at room temperature and incubated with a primary antibody against phosphorylated-CDC2 (residue Typ 15 ), a target of WEE1 kinase (1:1,000; catalog no. 4539; Cell Signaling Technology, Inc., Danvers, MA, USA), at 4˚C overnight. Membranes were washed with Tris-buffered saline-Tween-20 (TBST) 3 times prior to incubation at room temperature for 2 h with the appropriate secondary antibody conjugated to horseradish peroxidase (1:2,000; catalog no. 7074; Cell Signaling Technology, Inc.). Subsequently, membranes were washed 3 times with TBST and developed using enhanced chemiluminescence (Thermo Fisher Scientific, Inc.). Blots were visualized using C-DiGit Blot Scanner (LI-COR Biosciences, Lincoln, NE, USA). β-actin served as a loading control.
Tumor challenges. Mice were housed in single-sex groups, and had ad libitum access to bottled acidified water (pH 2.8 to 3.1) and feed pellets with 6% fat (NIH 31M, Purina Mills, Richmond, IN, USA). The number of room air changes/hour was maintained at 15±1, temperature at 22±2˚C, and relative humidity at 45±5%, with a 14:10 h light: dark cycle. ID8-OVA tumor cells (6x10 6 ) in suspension were challenged intraperitoneally into 6-8 week-old C57BL/6 WT female mice (20-25 g body weight) (n=8) and tumor progression was monitored every 7 days by determining the abdominal circumferences of the mice with the aid of a wire measured by a ruler, expressed in millimeters. At day 30 after challenge, when abdominal swelling was determinable, mice were randomly divided into two groups (n=4 in each). DMSO or MK1775 treatment was administered daily at 50 mg/kg. The ascites fluid from ID8-bearing mice was harvested with a 20-gauge needle for volume measurement 30 days after MK1775 treatment. The endpoint criterion was a gain of >20% of body weight compared to the pre-study weight. Mice were euthanized by combined high dose of CO 2 gas (a flow rate of 1-3 l per minute for a 10 l volume chamber) followed by cervical dislocation.
Statistical analysis. Statistical analysis was performed using SPSS software (version 10.0; SPSS Inc., Chicago, IL, USA). Statistical significance between two groups was assessed using an unpaired Student's two-tailed t-test and multiple comparisons between the groups were determined using an analysis of variance (Student-Newman-Keuls). P<0.05 was considered to indicate a statistically significant difference.
Results

Cytotoxic effect of MK1775 on a variety of tumor cell lines.
The in vitro cytotoxic effect of MK1775 on distinct tumor cells was assessed using an MTT assay. As presented in Fig. 1 , MK1775 treatment decreased the viability of murine melanoma B16F10 and BPS1, lymphoma EG7, ovarian cancer ID8, LLC1 lung cancer and human ovarian cancer SKOV3 cells in a dose-dependent manner. The responses of the tumor cells to MK1775 at a variety of concentrations were indicative of the relative cytotoxicity of MK1775 against distinct tumor cell lines. Notably, the mean IC 50 of MK1775 to ID8 and SKOV3 cells were 0.75 and 0.46 µM, respectively. The results of the present study demonstrated that ID8 and SKOV3 ovarian cancer cells were sensitive to MK1775 treatment.
MK1775 as a single agent induces the apoptosis of ID8 and SKOV3 ovarian cancer cells.
A cell apoptosis assay was conducted in ovarian cancer ID8 and SKOV3 cell lines to examine the cytotoxic activity of MK1775. Flow cytometry was used to determine annexin V/7-AAD expression and the stages of apoptosis. Previously, studies have identified that ID8 cells express WT p53 (29) , whereas SKOV3 cells have null p53 (30) . Fig. 2 presents the proportion of cells undergoing early, late and end-stage apoptosis. In ID8 and SKOV3 cells, MK1775 induced tumor cell apoptosis. SKOV3 cells were more susceptible to MK1775-induced apoptosis compared with ID8 cells. The results of the present study identified the cytotoxic role of MK1775 as a single chemotherapy agent against either WT p53 or p53-defective cell lines. Furthermore, a p53 defect may sensitize tumor cells to MK1775 treatment.
MK1775 treatment abrogates the G 2 /M checkpoint of ID8 cells through attenuating the phosphorylation of CDK1.
To determine the underlying molecular mechanism of cell death induced by MK1775 treatment, independent of p53, cell cycle analysis and a western blot analysis was performed on ID8 cell lines with WT p53. As presented in Fig. 3 , MK1775 treatment arrested tumor cells in S phase and abrogated the G 2 /M cell cycle checkpoint. The abrogation of the G 2 DNA damage checkpoint resulted in cell death and the presence of a sub-G 1 peak indicated that MK1775 treatment induced cell apoptosis, which was consistent with the results from the cell apoptosis assay (Fig. 2) . In addition, a dose-dependent decrease in phosphorylated-CDC2 (Tyr 15 ) was observed in ID8 cells following MK1775 treatment (Fig. 3C ), indicating that MK1775 may abrogate the G 2 checkpoint through the phosphorylation of CDC2. A significant increase in cleaved poly (ADP-ribose) polymerase and caspase-3, two markers of apoptosis, has been associated with decreased levels of phosphorylated-CDC2 (Tyr 15 ) and was a result of MK1775 treatment (31) . Deregulation of CDC2 activity may trigger the activation of caspase-3 and apoptosis (32) . These results together demonstrate a proof-of-mechanism for this novel inhibitor of WEE1, with evidence of decreased phosphorylated-CDC2 (Tyr 15 ) levels in ovarian cancer cells. Furthermore, the cell cycle (Fig. 3B ) and phosphorylated-CDC2 (Fig. 3D ) in SKOV3 cells with p53 mutations were analyzed in the present study. Notably, the observed effect of MK1775 treatment on the cell cycle was increased in SKOV3 cells compared with that observed in ID8 cells, which was consistent with the results of the MTT and apoptosis assays, suggesting that a p53 defect may sensitize tumor cells to MK1775 treatment.
Antitumor effect of MK1775 in syngeneic mouse model of ovarian cancer. To determine the in vivo antitumor activity of MK1775, a syngeneic ID8 ovarian cancer model was used. C57BL/6 mice were challenged with ID8 cells and treated daily with MK1775 or DMSO at day 30 post-challenge. The dose of MK1775 was converted and defined as 50 mg/kg, on the basis of the data from an initial phase I clinical trial (33) . A significant inhibition of ovarian tumor progression was identified from 2 weeks after MK1775 treatment, as indicated by the abdominal circumferences (Fig. 4A) . In addition, MK1775 treatment alone significantly decreased the production of malignant ascites from ID8-bearing mice at the advanced stage (Fig. 4B) .
Discussion
Due to the poor prognosis of ovarian cancer patients, novel therapies are required. DNA damage checkpoints are critical for maintaining the integrity of the cell genome. As a key regulator of the G 2 /M transition in the cell cycle, WEE1 has been considered as a promising target for cancer therapy. Notably, MK1775 as a selective and potent inhibitor of WEE1, is currently under clinical evaluation as a single-agent treatment and potentiates the DNA damage caused by cytotoxic chemotherapies or radiation therapy. In the present study, the in vitro and in vivo antitumor effect of MK1775 was evaluated as a single-agent in ovarian cancer.
Previous studies have identified the function of MK1775 in enhancing the sensitivity of tumor cells to the traditional DNA-damaging agents or radiotherapy (11, (14) (15) (16) (17) . In addition, the synergistic antitumor activity of MK1775 was observed in combination therapies for ovarian, breast, prostate, pancreatic and colon cancer, and the effect was identified to be dependent on the cytotoxicity of other DNA-damaging agents or a p53-defect in tumor cells (14) (15) (16) . For ovarian cancer, a phase II clinical trial is underway to evaluate the antitumor effects exhibited by the combination of MK1775, paclitaxel and carboplatin, compared with that exhibited by combined paclitaxel and carboplatin (18). Furthermore, a previous clinical trial demonstrated the therapeutic benefit from combining MK1775 with carboplatin in patients with epithelial ovarian cancer who are platinum-resistant and exhibit mutated p53 (34). Mutations or lack of functional p53 often cause a defective G 1 /S checkpoint in cancer cells. Therefore, the effectiveness of DNA damaging treatment may be augmented by abrogation of the G2/M checkpoint in these cancer cells while sparing normal cells with an intact G/S checkpoint (35) (36) (37) . Studies have focused on the dual inhibition of components of the ataxia telangiectasia-related-checkpoint kinase 1 (Chk1)-WEE1 axis, which exhibits a synergistic cytotoxic effect and simultaneously inhibits Chk1 and WEE1 through disrupting the cell cycle checkpoint regulation (23, 38, 39) .
Previous studies have identified the potential use of MK1775 as a single antitumor agent (20) (21) (22) ; however, whether the mono-therapeutic activity of MK1775 is dependent on mutant p53 remains unknown. The results of the present study demonstrated that MK1775 serves as a single agent to induce cell apoptosis in distinct cancer cell lines, independent of p53 status. In addition, a p53 defect may sensitize ovarian cancer cells to MK1775 treatment. Although no significant inhibition of tumor viability was determined in MK1775-treated nude mice bearing OVCAR-5, which is null p53 (25) , additional studies are required to determine the association between tumor p53 deficient status and the efficacy of MK1775 treatment.
The antitumor effect of MK1775 as a single-agent has been evaluated in C57BL/6 mice harboring syngeneic ID8 ovarian tumors with WT BRCA1 (40, 41) . A significant decrease in the accumulation of malignant ascites was observed following MK1775 treatment, suggesting that MK1775 treatment alone has a potent antitumor effect and is tolerable for preclinical ovarian cancer therapy. These results identified that targeting WEE1 by MK1775 monotherapy is not limited to p53-mutant or BRCA1 mutant cancers. In addition to DNA damage and the cell cycle, other specific underlying cellular mechanisms may be implicated when WEE1 is inhibited, providing insights into the development of novel combination therapy with WEE1 inhibitors. To the best of our knowledge, the present study was the first to demonstrate the efficacy of WEE1 inhibition by MK1775 in ovarian cancer in immunocompetent mice. As host components, including immune cells, may express WEE1, the effects of MK1775 on host cells and cancer cells requires study. The results of the present study indicate that MK1775, as a single-agent therapy, results in WEE1 inhibition and the subsequent activation of CDC2, thereby suppressing ovarian tumor viability. The results of the present study suggest potential clinical applications for MK1775, which may be a therapeutic benefit for patients with ovarian cancer, independent of p53 status.
